Introduction {#Sec1}
============

Noble metal nanostructures can strongly enhance an electric field upon incident light illumination due to the phenomenon called localized surface plasmon resonance. Collective oscillations of quasi-free electrons on the surface of metallic structures and their interactions with molecules lead to the observed surface enhancement of Raman and fluorescence signals \[[@CR1], [@CR2]\]. A lot of structures with different shapes have been hitherto theoretically and experimentally investigated, while plasmonic properties strongly depend on the morphology of the nanostructures \[[@CR3]--[@CR8]\]. One of the up-to-date and the most interesting structures is nanoprisms \[[@CR4], [@CR5], [@CR8]\]. Nowadays, many advanced methods are used for nanostructure fabrication, including chemical synthesis of nanoparticles and the bottom-up approach \[[@CR9]--[@CR12]\]. Nevertheless, it is not possible to obtain perfect geometric parameters, e.g., sharp edges of nanoprisms or well-defined distance between nanostructures \[[@CR13]\]. Theoretical simulations can predict how morphological changes of nanostructures influence their near- and far-field properties. The most common methods are the following: Finite difference time domain method (FDTD), discrete dipole approximation (DDA), and Finite Integration Technique (FIT) \[[@CR5], [@CR7], [@CR14]\].

The strong local field enhancement in a single nanoprism seems to be suitable for various applications. Intensity of electric field can be increased using nanoprism dimers with perfectly sharpened edges \[[@CR13]\]. It has been noted that enhancement of near-field optical intensity at the corner with nonzero radius can be correctly predicted, but the influence of the curvature of the corners of the mono and dimer nanoprisms on far-field properties has only been little studied \[[@CR13], [@CR15], [@CR16]\].

The influence of rounded edges on the optical properties has been experimentally detected or theoretically simulated for different structures. Qian et al. \[[@CR17]\] have observed the blueshift of extinction peaks for nanoboxes with modified inner and outer edge rounding. McMahon et al. \[[@CR18]\], for silver nanocubes, found a correlation between the changes in geometrical dimensions, i.e., corner rounding, and their optical response. Raziman and Martin \[[@CR19]\] have considered the rounding of nanorod antennae and observed significant changes in the scattering far-field properties. Goldys et al. \[[@CR20]\] have pointed out that only by taking into account real geometry, it is possible to produce results similar to the experimental ones.

The process of fabrication of metal nano-objects always introduces some rounding effect on the structures. This effect must be incorporated into the simulation process in optical response prediction \[[@CR13], [@CR18], [@CR19]\]. As follows from the points mentioned above, the shape of the fabricated structure is always different from the ideal one. If the real geometry of nanostructures is taken into account during numerical calculations, a good agreement between the experimental and theoretical predictions could be obtained. The relationship between the optical response, structure, and dielectric environment of nanostructures is important to effectively design the devices employing their plasmonic properties \[[@CR18]\].

In this paper, the extinction spectra and electric near-field enhancement/distribution of single and dimer Au nanoprism with rounded edges were investigated by the FIT method; this calculation method is implemented into CST Microwave Studio software (CST MWS) ([www.cst.com](http://www.cst.com/)). What is more, the modification of resonance modes of nanoprism dimer by a single nanoparticle (NP) in the gap between them was also examined. In order to modify plasmonic modes, NP made of different materials was used, including metallic and insulating phases.

Methods {#Sec2}
=======

FIT \[[@CR21], [@CR22]\] provides discrete reformulation of the integral form of Maxwell's equations. The volume restricted by boundary conditions is divided into a set of polyhedral unit cells called mesh. Then the linear integral can be written as the algebraic sum of discrete products along the border of the mesh faces, and the surface integral as the flux through the mesh face. The equations of all faces can be collected in matrix form. For example, Faraday's law can be expressed as (1):$$\documentclass[12pt]{minimal}
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Faraday's law (1) can be discretized to yield its counterpart written in the matrix form given by (2):$$\documentclass[12pt]{minimal}
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All simulations presented in this paper use the CST MWS's frequency domain solver with a tetrahedral mesh, the method used before by Dyck et al. \[[@CR23]\]. Tetrahedral grid provides flexibility in approximating arbitrary (i.e., rounded) geometries, while hexahedral mesh gives poor approximation unless a very fine mesh is used \[[@CR24]\].

In this paper, the FIT method is used to calculate the optical extinction, radar, and absorption cross sections (i.e., ECS, RCS, ACS, respectively), and the electromagnetic field enhancement distribution ($\documentclass[12pt]{minimal}
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Figure [1a, b](#Fig1){ref-type="fig"} presents the model of an Au bowtie structure, used in the numerical simulations, before and after placement of 30-nm dielectric (SiO~2~) or metallic (Au) NP in the gap. The gap size is fixed at 30 nm. Figure [1c](#Fig1){ref-type="fig"} illustrates the structure of a single-rounded Au triangular nanoprism being a part of a bowtie. In all calculations, the height of triangular nanoprism and the size of the prism's side are fixed at 30 and 150 nm (L, Fig. [1c](#Fig1){ref-type="fig"}), while the radius of curvature of the corners (*R*) is changed in the range between 0 and 10 nm (in detail 0, 0.625, 1.25, 1.875, 2.5, 3.75, 5, 6.25, 7.5, 8.75, and 10 nm). In order to ensure the comparability of the results for different radii of curvature, the size of the elementary cell was kept constant.Fig. 1Geometry of Au bowtie: without (**a**) and with (**b**) nanoparticle structure in the gap, single rounded triangular nanoprism (**c**), and dispersion behavior **(d**) of Au (*black*) and SiO~2~ (*red lines*) (real part---*solid*, imaginary part---*dashed lines*). Color figure online

The bulk dielectric permittivities ε used in the calculations are obtained from the experiment \[[@CR25]\]. Dispersion relations of the materials used are presented in Fig. [1d](#Fig1){ref-type="fig"}. In the range of our interest, dielectric permittivity of SiO~2~ has approximately constant real part Re(ε) and imaginary part Im(ε) close to zero. The real part of dielectric permittivity of Au has a negative value which monotonically decreases as wavelength increases, while the imaginary part is positive and has a minimum at ∼700 nm.

Results and Discussion {#Sec3}
======================

Numerical studies started with an investigation of the optical properties of a single Ag triangular nanoprism with sharp and rounded edges. Earlier experimental results obtained for single nanoprism suggested that the shape of the corner region is the key factor to obtain a large field intensity enhancement and to shape the local field distribution \[[@CR13], [@CR16]\]. A scheme of this type of nanostructure with characteristic geometric dimensions is presented in Fig. [1c](#Fig1){ref-type="fig"}. The edge rounding *R* is varied from 0 to 10 nm. We assume that the nanoprisms are placed in a vacuum and are always illuminated in the same way from the top by the incident light with horizontal (longitudinal) or vertical (transversal) polarization (see Fig. [1a](#Fig1){ref-type="fig"}). Optical extinction cross section (ECS) as a function of wavelength for the nanoprisms with sharp and rounding edges is shown in Fig. [2](#Fig2){ref-type="fig"}. Extinction peaks correspond to the in-plane dipole resonance, as evidenced by the near-field analysis (see Fig. [2](#Fig2){ref-type="fig"}). It is distinctly observed in Fig. [3](#Fig3){ref-type="fig"} that the rounding of edges causes a nearly linear blueshift of ECS maximum. We suppose that the change in size partially accounts for the spectral shift. Size dependence of spectral properties of metallic nanoparticles is a well-known phenomena, and its explanation is beyond the scope of this article. A few analytical models of optical properties have been proposed for some geometries, for example, the Mie theory explains the size dependence of spectral properties of spherical nanoparticles \[[@CR26]\], and the optical antenna theory can be successfully applied to describe the optical properties of nanorods \[[@CR27]\]. Qualitatively, this shift can be explained by decreased charge separation causing an increase in the restoring force, resulting in higher plasmon resonance frequency \[[@CR8], [@CR17]\] and phase retardation connected with time delay of reaction of charges on the one side of the particle to the change in charge distribution on the other side \[[@CR28]\]. A change in the position of ECS peak, between the extreme radii considered, Δλ = λ(*R* → 10)--λ(*R* → 0) is noticeable and reaches 53 nm. The L to *R* ratio is changed from 0 to 6.6 %, and because of this, *R* has influence on the side length changes. The rounding of the edges makes the nanoprism smaller in size, which would additionally translate into a spectral shift of the resonances. Shuford et al. \[[@CR29]\] have presented theoretical studies on the optical properties of gold triangular nanoprisms and determined the effect of structural modification on the extinction spectrum, by means of DDA calculations. They have found well-defined trends in the particle extinction to depend on the triangular edge length and height and the prism thickness. The wavelength corresponding to the peak extinction maximum increases linearly with the edge length for particles of the same height. What is more, with increasing prism height, the slope of linear dependencies between peak position and prism length decreases. If we assume that the length of the prism is 150 nm and its height is 20 nm, a 10 % change in the prism length causes a blueshift of the main extinction peak by 25 nm \[[@CR29]\]. We suppose that the change in the length cannot account for the whole spectral shift, and additional reasons for the blueshift must be considered. Raziman and Martin \[[@CR19]\] have connected the blue shift with the spread out of charge distribution. The reason for blueshift is the reduction in the lightning rod effect, manifested as a decrease in the highest concentration and enhancement of electromagnetic field (charge accumulation) at the sharp tips \[[@CR8], [@CR17], [@CR30], [@CR31]\]. Other authors \[[@CR13], [@CR18]\] have observed this effect for single nanoprism and hollow metal boxes as with increasing radius of their curvature; the charge distribution becomes less localized when compared to *R* = 0, because the Coulomb interactions between charges at the corner are reduced.Fig. 2Example of extinction cross-section spectra for different edge roundings of a single nanoprism for longitudinal polarization of incident light and electric field enhancement for *R* = 0 nm. *R* = 5 nm is calculated at the maximum of corresponding extinction cross-section spectrumFig. 3Dependencies of ECS peak position and ACS, RCS, and ECS peak values versus the edge rounding of single nanoprism for longitudinal polarization of incident light (*black line* and *symbol*: ECS peak position, whereas *red*, *green*, and *blue* correspond respectively to ACS, RCS, and ECS peak values)

As expected, the nanoprisms with rounded edges have smaller ECS peak than the prisms with sharp edges. Absorption cross section (ACS), radar cross section (RCS), and ECS peak values decrease with increasing *R*, and also RCS to ACS ratio decrease. We suppose that it is a result of the reduction in geometrical size of nanoprism, as the same effect is predicted by the analytical theory of light scattering by spherical particles \[[@CR26]\], and confirmed by experimental results for triangular prisms \[[@CR8]\].

The extinction spectrum curve for the sharp edge nanoprism differs from the other curves in Fig. [2](#Fig2){ref-type="fig"}. On the left side of the main peak of ECS, a shoulder at 630 nm is clearly observed. We suppose that it is a result of the splitting of dipole resonance caused by the presence of sharp edges, as the same effect has been reported in \[[@CR30], [@CR32]\]. In the case of single prisms, the local maximum enhancement of electric field generated near the surfaces of nanoprism with sharp (*R* = 0) and rounding edges (*R* = 2.5 and 5 nm) reaches values of 285, 167, and 103 nm, respectively. The local surface plasmon resonance and the scattering (RCS) spectra depend on the rounding of the prism corners. The changes in local field enhancement are related to the dependence of the distribution of surface charges induced by plasmon excitation at the corner \[[@CR13]\]. Despite the general trend, it is easy to notice abnormality. The nanoprism with *R* ∈ \< 0.625, 2.5 \> nm is characterized by stronger scattering (RCS) of incident light, relative to that of *R* = 0 (Fig. [3](#Fig3){ref-type="fig"}). In our opinion, this is a consequence of the resonance splitting effect \[[@CR32]\]. It is known, that the interaction of different modes may lead to changes in the RCS spectral line shape due to Fano resonance caused by phenomena of destructive or constructive interference \[[@CR33]\]. A similar abnormality has been indicated in the article of Raziman and Martin \[[@CR19]\] concerning silver nanocubes, but it has not been discussed by the authors. In order to confirm the validity of our results, we have performed convergence test for *R* of 0 and 2.5 nm, which proved the convergence of our result within the error of calculations.

In the next step, the influence of edge rounding (*R*) on optical efficiencies of dimer nanoprisms was studied. Dimer nanoprisms, also called bowtie structures, are well known from literature \[[@CR5]\] and are schematically presented in Fig. [1b](#Fig1){ref-type="fig"}. The optical properties of bowtie structures are strongly dependent on the direction of incident light polarization, and therefore, we considered transversal and longitudinal polarizations (see Fig. [1](#Fig1){ref-type="fig"}). Figure [4](#Fig4){ref-type="fig"} shows the tunable ECS spectra for bowtie as a function of edge rounding. The shape of the spectral curves, the position of ECS maximum, and local electric field enhancement in a bowtie for transversal polarization (Fig. [4a](#Fig4){ref-type="fig"}) are similar to those obtained for a single nanoprism (Fig. [2](#Fig2){ref-type="fig"}). In the analyzed case (Fig [4a](#Fig4){ref-type="fig"}), the influence of resonance splitting for *R* = 0 is also clearly observed. On the basis of the above insights and literature data \[[@CR5]\], we conclude that in transversal polarization, only the weak dipole-dipole coupling effect is observed. In contrast, for longitudinal polarization, the strong dipole-dipole coupling effect in bowtie is noticeable \[[@CR5]\]. The consequences of this effect are a stronger electric field in the midgap, much broader and more intense ECS peaks for the longitudinal than for transversal polarization. Larger blueshift as a function of edge rounding in Fig. [4b](#Fig4){ref-type="fig"} in comparison with Figs. [2](#Fig2){ref-type="fig"} and [4a](#Fig4){ref-type="fig"} is caused not only by decreasing the size (scaling effect) and changing the shapes (lightning rod effect) of nanoprisms but mainly by increasing the midgap distance. As follows from theoretical considerations, based on the dipole-dipole interaction model \[[@CR30]\], which for significant midgap distance gives results consistent with the more sophisticated hybridization model \[[@CR34]\] and has been experimentally confirmed, the midgap distance increase upon increasing edge rounding causes a weaker dipole-dipole coupling effect in the Au bowtie, and consequently a shift in the resonance peak toward higher energies. In the hybridization model, the shift is explained by the bonding combination of nanoparticle plasmons \[[@CR35]\].Fig. 4Extinction cross-section spectra of a bowtie for transversal (**a)** and longitudinal (**b)** light polarizations and electric field enhancement for *R* = 0 nm. *R* = 5 nm is calculated at the maximum of corresponding extinction cross-section spectrum

Optical properties of bowtie structures after placement of single, spherical, 30-nm size nanoparticle (NP) in the midgap were also analyzed (Fig. [5](#Fig5){ref-type="fig"}). Two kinds of NP materials were considered: dielectric (SiO~2~) and conductive (Au). The ECS spectra for transversal polarization are relatively independent of the presence of nanoparticle in the midgap (results not shown) due to weak dipole-dipole coupling and will not be further discussed. For longitudinal polarization of light, the presence of NP in the midgap has a great influence on the optical properties of the bowtie structure. For the dielectric NP, the strong electric field in the midgap causes charge polarization in the nonconducting sphere. The charge accumulation process is strongly limited by the small real part of the dielectric constant of SiO~2~ material (Fig. [1d](#Fig1){ref-type="fig"}). For this reason, only a small enhancement of the electric field near the triangular tips with respect to that for a bowtie without NP is observed (Fig. [5a](#Fig5){ref-type="fig"}). The coupling dipole-dipole resonance is stronger due to electric field enhancement in the bowtie gap (Fig. [5a](#Fig5){ref-type="fig"}) which results in the resonance at a little lower energy, as shown in Fig. [5b](#Fig5){ref-type="fig"}. This electric field enhancement is the result of the dielectric screening effect and has been reported in paper \[[@CR5]\]. Using the circuit model of a nano-optical system \[[@CR36]\], these phenomena can be explained as an addition of a capacitor in the series L-C resonant circuit, which leads to a decrease in the resonance frequency. Enormous electric field enhancement always appears in the gap of the nanoparticle dimer or is localized at a sharp corner. Electron plasma oscillations on the surface of Au NP cause very strong enhancement of the electric field in the midgap near the triangular tips, as presented in Fig. [5a](#Fig5){ref-type="fig"}. This electric field enhancement results in stronger dipole-dipole coupling between the triangles, which causes a relatively sharp redshift of the resonance peak when compared to that for the bowtie without and with dielectric NP (Fig. [5b](#Fig5){ref-type="fig"}).Fig. 5Electric field enhancement along the longitudinal symmetry axis of bowtie and the corresponding electric field enhancement (**a**). Example of extinction cross-section spectra (**b**) for different NP materials (vacuum, Au, SiO~2~) (*R* = 5 nm) and for longitudinal light polarization

Figure [6a--c](#Fig6){ref-type="fig"} shows the dependencies of the ECS main peak position as well as the ACS, RCS, and ECS peak values on the radius of edge curvature for longitudinal polarization. When there is no NP in the bowtie gap, the difference in the peak position (Δλ = 71 nm) is noticeable for longitudinal polarization (Fig. [6a](#Fig6){ref-type="fig"}); however, the ECS peak position versus *R* still remains nonlinear. By introducing Au NP in the gap, a tunable plasmonic system can be achieved, and because of the Au presence, the tunable range can be much expanded as shown in Fig. [6b](#Fig6){ref-type="fig"}. For the arrangement with Au in the middle of nanoprism dimers, the ECS peak position Δλ was increasing significantly and reached 160 nm for longitudinal polarization (Fig. [6b](#Fig6){ref-type="fig"}). This dependence can be approximated by an exponential curve. When Au NP is replaced by a nonconductive NP such as SiO~2~, the ECS peak is slightly shifted with increasing curvature radius and Δλ equals 86 nm for longitudinal polarization (Fig. [6c](#Fig6){ref-type="fig"}). For transversal polarization, for which the weak coupling strength is observed, Δλ is equal to 56 nm and does not depend on the NP presence.Fig. 6ECS peak position and ACS, RCS, and ECS peak values versus edge rounding of a bowtie without (**a**) with Au (**b**) and with SiO~2~ (**c**) nanoparticle for longitudinal incident light polarization (*black line* and *symbol*: ECS peak position, whereas *red*, *green*, *blue* correspond respectively to ACS, RCS, and ECS peak values). Color figure online

As follows from Fig. [6b](#Fig6){ref-type="fig"}, the RCS peak value for a bowtie with Au NP in the midgap and *R* = 0 is lower compared to the case when *R* ∈ \< 0.625, 2.5 \> nm. In contrast to the other results (see Fig. [6a, c](#Fig6){ref-type="fig"}), the dipole and strong quadrupole resonance peaks for a bowtie with sharp edges are observed (not shown). Thus, a decrease in the RCS main peak for *R* = 0 when compared to that for *R* ∈ \< 0.625, 2.5 \> nm (Fig. [6b](#Fig6){ref-type="fig"}) can be explained by the interaction of the dipole and quadrupole mode (Fano resonance). For the other structures analyzed, for which the results are shown in Fig. [6a, c](#Fig6){ref-type="fig"}, the above-mentioned dependencies are also valid, but because of a smaller contribution of the quadrupole mode, they are not distinctly observable.

The presented results, based on numerical simulations, could be helpful for designing and realizations of refined structure with required optical properties for selected applications. Our and previous results pointed out that it is not possible to fabricate nanoprisms with perfectly sharpened edges \[[@CR13], [@CR19]\], and what is more, the effect of edge rounding could be important in applications in which the far-field properties are crucial.

Conclusions {#Sec4}
===========

To conclude, the numerical studies have demonstrated how geometrical modification of single and dimer nanoprisms (mainly based on rounding of their edges) influence the far-field and near-field properties. A nanoparticle made from different materials and placed in the midgap was also considered. We found that the presence of the nanoparticle there affects optical property response changes. The results presented indicate that the radius of edge curvature strongly influences the position of the plasmon peak and that this point cannot be neglected on designing plasmonic devices. Moreover, the inclusion of a nanoparticle in the gap leads to an increase in the maximum value of electric field near the nanostructure, and this effect is more pronounced for a metal than for a dielectric nanoparticle and is also manifested as a larger ECS peak shift as a function of the radius of curvature for the longitudinal polarization. These two effects are not observed for transversal polarization of incident light.
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